This study considers CFD simulations with conjugate heat transfer performed in the framework of designing a complex micro-scale cooling geometry. The numerical investigation of the three-dimensional, laminar flow (Reynolds number smaller than 480) and the solid conduction is done on a reduced model of the heat sink micro-structure to enable exploring a variety of configurations at a limited computational cost. The reduced model represents a unit-cell, and uses periodic and symmetry boundary conditions to mimic the conditions in the entire cooling manifold. A simulation of the entire heat sink micro-structure was performed to verify the unit-cell set-up, and the comparison demonstrated that the unit-cell simulations allow reducing the computa- * Corresponding author, visiting researcher at Stanford University. tional cost by two orders of magnitude while retaining accurate results. The baseline design for the unit-cell represents a configuration used in traditional electronic heat sinks, i.e. a simple channel geometry with a rectangular cross section, with a diameter of 50 µm, where the fluid flows between two cooling fins. Subsequently three types of modified geometries with feature sizes of 50 µm were considered: baffled geometries that guide the flow towards the hotspot region, geometries where the fins are connected by crossbars, and a woodpile structure without cooling fins. Three different mass-flow rates were tested. Based on the medium massflow rate considered, the woodpile geometry showed the highest heat transfer coefficient with an increase of 70% compared to the baseline geometry, but at the cost of increasing the pressure drop by more than 300%. The crossbar geometries were shown to be promising configurations, with increases in the heat transfer coefficient of more than 20% for a 70% increase in pressure drop. The potential for further optimization of the crossbar configurations by adding 1 Copyright c 2015 by ASME or removing individual crossbars will be investigated in a follow up study. The results presented demonstrate the increase in performance that can be obtained by investigating a variety of designs for single phase cooling devices using unit-cell conjugate heat transfer simulations.
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INTRODUCTION
Increasing integration density of electronic components and chip power dissipation are driving the development of innovative thermal design strategies, since traditional cooling techniques cannot meet the thermal management requirements. Integral liquid cooling, where the on-chip heat generation sites are cooled directly to extract the dissipated heat with microfluidic flow through the chip or package, could overcome these limitations. [1] [2] The first design for microchannel heat sinks was proposed by Tuckerman and Pease [3] , and consisted of microchannels running parallel to a heat-base. Since then, this conventional configuration has been further investigated [4] and significant efforts have been made to enhance the design [5] . The PolyStrata manufacturing process developed by Nuvotronics 1 offers new opportunities for fabricating monolithic, complex micro-scale structures [6] , allowing arbitrary combinations of a permanent polymer with fabrication tolerances of micrometers. This process enables the fabrication of very complex micro-scale geometries, opening up an immense design space. This manufacturing technique creates a significant potential for designing a new variety of geometrical configurations that could improve the performance of the heat sinks. Heat transfer augmentation devices, i.e. fins, woodpile structures, fins with connecting cross-bar and other enhanced features can be used to improve the efficiency of the micro-scale heat sink. Computational tools can aid significantly in the process of investigating the large number of potential geometrical configurations for the heat sink micro-structure. Similar studies for larger scale devices such as turbomachinery cooling channels have demonstrated the potential of using CFD simulations to evaluate the performance of different designs. [7] . The present study presents CFD simulations with conjugate heat transfer of different geometrical designs for a complex micro-scale heat sink. The simulations are performed for a reduced model of the entire heat sink micro-structure to enable exploring a variety of configurations at a limited computational cost. The reduced model represents a unit-cell and uses periodic and symmetry boundary conditions to mimic the conditions in the entire cooling manifold. The baseline configuration is a channel with copper fins. The enhanced geometries include: (a) five configurations where baffles are added between the copper fins to guide the flow, (b) one configuration where crossbars connect the copper fins, (c) a woodpile structure that consists of stacked bars. The objective of the CFD simulations is to identify which designs provide an improved heat transfer performance for an acceptable increase in pressure drop. Moreover, the typology (baffles, crossbars or woodpile) with the most promising capabilities for further optimization will be identified. The following section describes the computational model for the geometries considered, including a description of the geometries and material properties, the governing equations, boundary conditions and the numerical solution method. The results section first presents the output quantities of interest and a thorough grid depen- Copyright c 2015 by ASME dency study. In addition, the use of the reduced model with periodic boundary conditions is justified by comparing the results to simulation results of the full geometry. Finally, results for the various channel designs are presented and the design configurations that will be considered for further optimization in a follow up study are identified. Figure 1 sows the baseline geometry, which consists of two cooling fins that define an empty channel with a rectangular cross section and a hydraulic diameter of 100 µm. The channel and the copper fins are 460 µm long, the fins are 300 µm high. An inlet and an outlet section of 200µm and 300 µm length , respectively, have been added to the computational domain to avoid influencing the flow through the channel by the inlet or outlet boundary conditions. The heat is distributed from the gates in the GaN layer (See Fig. 1 ) with a surface of 2x160 µm through the SiC layer with a thickness of 100µm and the stress relieving TIM and epotek layers with respective thicknesses of 4 and 10 µm. The epotek layer is in contact with the coolant and the heat dissipating copper fins. The working fluid is water. The fluid and solid properties are summarized in Table 2 . Figure 2 shows sketches of the variations on the baseline geometry (2(a)), where additional features, such as cross bars (see Fig. 2 (b)), baffles (see Fig. 2 (c)-(e)) and woodpiles (see Fig. 2 (f)), were added to redirect flow and increase the heat transfer. The overall dimensions of these geometries are identical to those of the baseline configuration. The squared crossbars, 50x50µm are bars connecting the cooling fins to increase the cooling surface area and to accelerate and redirect the flow towards the hotspot. The baffles were placed at the inlet and outlet sections, increasing the path for each flow particle and also used to redirect the flow towards the hotspot. The woodpile structure lacks cooling fins, but consists of cross bars that are stacked perpendicularly in the entire single cell domain. In addition to the three baffled geometries shown in Fig. 2 , two more configurations were considered, which are not detailed in this paper due to their similarity of the baffled configurations 4 and 5. The woodpile structure has the largest surface area (see table 1 ) and thus providing a high potential for increasing the heat transfer.
DESCRIPTION OF COMPUTATIONAL MODEL Geometry description and material properties

Governing Equations
Previous studies have demonstrated that the macrosclae Navier-Stokes equations and energy equations sufficiently describe the flow and heat transfer in microchannel heat sinks [8] [9] [10] [11] . The fluid flow and the heat transfer in the fluid and solid domain are therefore governed by the following equations [12] :
• the continuity equation:
• the momentum equation:
• the energy equation for the fluid domain:
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• the energy equation for the solid domain:
Boundary Conditions A constant heat flux was prescribed at the bottom of the solid on the two gates (Fig. 1) . Two different heat fluxes, corresponding to two different powers were considered: with 1.97 × 10 9 and 2.46 × 10 9 W /m 2 . All other solid outer walls were assumed to be adiabatic. In the fluid domain, no-slip conditions were applied on the interfaces to the solid domain and on the fluid top boundary. A coupled wall boundary condition was used to compute the temperature at the solid-fluid interface walls. Dealing with a steady state problem in fluid and solid domain, the conjugate heat transfer was solved with a monolithic coupling approach as provided by the ANSYS Fluent software, thus assuring continuity of temperatures and heat fluxes at the fluid-solid interfaces:
Symmetry boundary conditions were applied on the front and the inlet and outlet region side walls (see Fig. 1 ). A constant pressure outlet condition was applied on the outlet. The mass-flow at the inlet was varied from 1.889 to 7.556 × 10 −5 kg/s and the inlet temperature was set to 343K (Table  3) .
Solver
The numerical simulations solved the incompressible three-dimensional steady-state laminar flow and the conjugate heat transfer problem using the simulation software ANSYS Fluent 15.0.0 [13] . The code uses the finite volume method to solve the governing equations of fluid flow and Inlet temperature 343 K heat transfer in the fluid and solid domain.The SIMPLE algorithm was employed to treat the coupling between the pressure and the velocities. All discretization schemes used were of second order. The minimal convergence criterion was set to 10 −5 for the continuity and momentum equation and to 10 −8 for the energy equation.
RESULTS AND DISCUSSION
This section first presents the definition of the output quantities of interest. Subsequently the results of the grid dependency study are included and the comparison of the reduced single cell and full geometry results is presented to demonstrate the validity of the set-up of the computational model. Finally, the results for all geometrical configurations considered are presented to evaluate the performance of the different designs.
Output quantities of interest
The quantities used in the following sections are the temperature at the gate T max , the temperature at the interface from solid to fluid T w , the pressure drop from inlet to outlet of the fluid domain ∆P and the heat transfer coefficient htc. The heat transfer coefficient is a frequently used engineering parameter during the thermal design. It is derived from Newton's law of cooling:
with the wall temperature T w , the free-stream temperature T ∞ , the heat flux q and the heat transfer coefficient h.
4
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Mesh description and grid dependency study
A fully structured hexahedra mesh was constructed, using global and local size functions to adjust the mesh size as needed. Special care was taken to resolve the very thin solid layers, in particular the GaN surface where the heat flux was imposed. The smallest mesh, M1, contained one cell at this surface. Mesh M2 contained two and mesh M3 four cells. The grid influence on the solutions was checked on those three different meshes for the baseline geometry. Table 4 summarizes the mesh properties. Figure 3 shows the values for the maximal temperature a the gates and for the pressure drop inside the channel obtained with the different meshes. While a significant change of the results from mesh M1 to mesh M2 is still visible, further increasing the mesh resolution does not change the results considerably. The temperature at the gate only changes by 0.3%, the pressure drop by even less than that with 0.005%. Only the heat transfer coefficient still changed slightly with around 4%. Figure 4 shows the temperature distribution at the fluid to solid interface (at the epotek layer) and the temperature distribution from fluid inlet along the copper fin down to the gate. Both temperature distributions confirm the grid independence from mesh M2 to mesh M3. Hence, to keep a balance between computational time and prediction accuracy mesh M2 was chosen for the following studies.
5
Comparison with full device
In [14] a conjugate heat transfer CFD simulation of the full heat sink micro-structure was performed. Here, we compare these results with the single cell simulation results to justify the validity of simulating the reduced single cell model to represent the full device. The used solver was again ANSYS Fluent 15.0 and the used scheme a second order numerical scheme with a total mesh size of 8.1M cells. The mass flow is non-uniform in the heat sink. The mass flow rates through individual microchannels depend on the inlet and outlet locations and on the manifold design. Table  5 shows comparable values for the mass flow of single cells out of the full microchannel heat sink compared with single cell simulations. The corresponding pressure drops are in good agreement and hence indicate that the unit cell is a valid representation of the full device. Analysis of the flow field for different configurations Figure 8 shows velocity contour plots on a plane through the center of the channel for the different geometries considered. The basic geometry (Fig. 8(a) ) shows the flow from inlet to outlet. Figure 8(c) shows how the flow field is modified in the presence of two baffles at the inlet and outlet section. The flow is redirected towards the hot spot, creating higher velocities near the interface, but also 6 Copyright c 2015 by ASME near the corners of the baffles, with a velocity of 12m/s. Figure 8(d) shows the velocity contours of the geometry with the inlet baffle removed, highlighting the importance of the inlet baffle, since the redirection of the flow towards the hot spot is weaker in this case. Figure 8(e) shows the baffled case with the outlet baffle removed. Here, the velocity is only slightly increased and the flow even more directed towards the hotspot. The woodpile and crossbar velocity contour plots indicate possible improvements on these geometries since in-between the bars, the flow is not well distributed. Nonetheless, the crossbar configuration shows again a redirection of the flow field toward the hotspot. The woodpile geometry has a totally different flow field, because the cooling fins have been replaced by bars in the center of the simulation domain.
Evaluation of heat transfer enhancement
Fig . 6 shows the temperature as a function of the pressure drop for the considered configurations. Each configuration was investigated for three different mass-flows. The baseline configuration shows the highest temperature, but also the lowest pressure drop. The crossbar and the woodpile configuration have a better performance in terms of heat transfer, but the pressure drop increases considerably, in particular for the woodpile geometry. Furthermore, as Fig. 8 shows, the maximal velocity in the channel increases from baseline configuration to the other configurations from 7.1m/s to 12.2 m/s. The redistribution of the flow field affects the heat transfer between the fins. Figure 9 shows that the heat transfer coefficient increases with the added features. For instance, with the baffles at the inlet, the heat transfer coefficient increases not only locally at the baffle, but also closer to the hotspot. Furthermore the wetted area increases with added features as Table 1 summarizes. Figure 7 demonstrates that an increasing heat transfer coefficient, either by a higher mass-flow or by adding feature to the geometry, decreases the temperature, but only to a certain extend. The decrease of the maximal gate temperature with increased heat transfer coefficient flattens out, if the heat transfer coefficient is increased. Evaluating and comparing all tested configurations, the crossbar configuration provides a good trade-off between increased heat transfer and acceptable pressure losses among the tested configurations. This geometry also leaves room for further investigations and optimization due to the possibility to add or remove single crossbars, and to place them in different positions, which is presented in a follow-up study.
CONCLUSIONS
A numerical investigation of the three-dimensional flow and conjugate heat transfer has been performed for different geometrical designs of a complex micro-scale heat sink. The baseline geometry for the full heat sink consists of an in- simulations was performed for the baseline design, showing a good agreement with differences in pressure drop of 8 Copyright c 2015 by ASME around 15%. These differences are mainly caused by the manifold design in the full model, which results in a strong non-uniformity of the mass flow through the different channels. In addition to the baseline geometry different unit cell geometries have been simulated and compared regarding their cooling performance: The enhanced geometries included: (a) five configurations where baffles were added between the copper fins to guide the flow towards the hot spot (b) one configuration where crossbars connected the copper fins, and finally (c) a woodpile structure that consisted of stacked bars. Three different mass flow rates were simulated, and in all cases the use of enhanced geometrical features resulted in improved cooling performances and in an increase of the pressure drop. The woodpile geometry showed the highest increase in heat transfer, e.g., for the medium mass-flow rate considered it increased by 70%, but also the highest increase in the pressure drop (300%). The cooling configuration using crossbars to connect the existing cooling fins was found to be the optimal configuration in terms of increasing the heat transfer coefficient at an acceptable increase in pressure drop. This configuration also provides an opportunity for further optimization by modifying the number and the location of the crossbars in between the fins. 
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